Introduction
T he association between the built environment and physical activity has received growing attention in research over the last 10 years. In particular, reviews that use only walking as an outcome have found encouraging results. [1] [2] [3] The concept of walkabilty was developed to explain modes of active transport. 2 The most prevalent active modes of transport in Europe are walking and cycling. 4 Studies investigating environmental correlates of cycling are rare, and the results are far from providing a full picture of the environmental determinants. 5, 6 The theoretical concept of walkability was developed to explain active modes of transport 7 -in particular, in USA. Since cycling as a mode of active transport is rare in USA and in Australia it was so far mostly used to investigate the determinants of walking. 7, 8 Thus, it is likely that this concept would be also useful for exploring the determinants of cycling Walkability has two fundamental aspects: proximity to destinations and connectivity. 7, 9, 10 Proximity is determined by density and land use mix. 7, 8 Density measures the 'quantity of people, households or jobs distributed over a unit of area', 7 while land use mix is 'a measure of how many types-offices, housing, retail, entertainment, services and so on-are located in a given area'. 7 Connectivity describes the street linkage among destinations and is based on the design of the street network. 8 However, issues regarding the measurement of the built environment remain. 11 Geographical information systems (GIS) can be used to assess the built environment objectively. The use of GIS data is appealing, since these data are readily available at low cost for research and practice. Furthermore, GIS-based walkability indicators are considered to have the potential to be integrated into public health surveillance systems. 11 Nevertheless, the operationalisation of GIS-based measures of walkability shows a large degree of variability, 11 even within the large number of studies that have already been conducted in USA. The International Physical Activity and the Environment Network (IPEN) recommends common methods and measures (www.ipenproject.org), and similar studies in different contexts are being undertaken to develop a common set of established measures internationally. 12 Since mainly US studies have been conducted so far, and since urban areal pattern differ greatly between USA and Europe, there is a particular need to investigate the validity of the IPEN measures in European cities. 6, 9, 10, 13 Graz, a mid-sized Austrian city, follows the typical pattern of a European city, which features an old town in the centre, characterised by small streets, medieval houses and pedestrian areas. The outer districts are characterised by more residential areas.
14 Unlike European cities, urban areas in USA are characteristed by low population density, low land use mix and low connecitivity. Therefore, it may be necessary to explore how alternative walkability measures perform within the European context. Because of their history European cities usually have a higher land use mix and higher intersection density. Especially measures like the entropy index or the three-way intersection density might not be the best available measures within the European context. Also the walkability index with its stronger weight given to connectivity might need some adaptation to capture walkability better in European urban environments.
Therefore, the present study aims to use Graz as a test case to investigate the predictive validity of established walkability measures and to explore alternative walkability measures associated with walking and cycling for transport in a European context. It is hypothesised that established and alternative walkability measures are positively associated with walking and cycling for transport in Graz and that alternative measures will perform better than established measures.
Methods

Study design and participants
Within the research project 'Radfreundliche Stadt', a representative cross-sectional telephone survey of the population of Graz aged 15-60 years was conducted in autumn 2005. In order to create a homogenous sample the age was limited to the period of life in which people are typically active employed. Since the average retirement age in Austria is 60 years, 15 people older than 60 years were excluded. The protocol was approved by the ethics committee of the local medical university (No. 17-083ex05/06). Details on the survey development and procedures have been described elsewhere. 5, 13, 14, 16 Of the 997 participants providing data on walking and cycling for transport, 843 provided a valid residential adress and were included in the present analysis.
Dependent variables
Walking (for at least 10 min) and cycling (in the warm season) for transport was assessed by the question 'On average, how many times during the past 12 months did you use the following modes of transportation within the city?' Answers were given on a five-point Likert-type scale ranging from 'almost daily', 'several times/week', '$1-2 times/week', '$1-3 times/month', to '(almost) never'. The answers were then converted into a days/month scale (24, 12, 6, 3 and 1 day(s)/month) for both outcomes separately and used as continuous variables. The question had previously exhibited a good test-retest reliability. 16 The distribution of the outcome variables was approximately symmetrical. Parametric tests were used, because parametric tests are robust if the sample size is large. 17, 18 
Independent variables
The walkability measures were calculated using ESRI Õ ArcMap TM 10.0 and ESRI Õ ArcCatalog TM 10.0. The GIS protocol of Forsyth et al. 19 served as the basis for the procedures used. Further details on the geodata and the procedures are available in other sources. 14 As established walkability measures, we used gross population density, household unit density, entropy index, three-way intersection density and IPEN walkability index. As alternative measures, we used proportion of mixed land use, four-way intersection density and the Graz walkability index. Table 1 provides details on these variables and further explanations about walkability variables are provided in the following text.
The established measure entropy index ranges from 0 to 1. The value 0 represents perfect homogenous and the value 1 perfect heterogeneous land use.
The zoning data included two land use types that are considered to be mixed use: 'mainly residential' and 'mixed use'. 'Mainly residential' is defined as residential, but buildings with commercial, social, religious and cultural services are allowed (Steiermärkisches Raumordnungsgesetz, 1974) . Areas with this land use type in Graz are considered mixed use and very walkable. If the area of one neighbourhood has only one of these land use types, the entropy index will be zero, even though the land use mix in this neighbourhood might be high. To overcome this issue, an alternative parameter proportion of mixed land use was developed (see Table 1 ).
Most studies so far have used three-way intersection density as a measure of connectivity. We assumed that the alternative measure four-way intersection density may enable a better differentiation between walkable and less walkable areas in a European city such as Graz.
In addition, the present explorative study used the alternative measure Graz walkability index. In uncontrolled bivariate analyses, the alternative walkability measures proportion of mixed land use and four-way intersection density showed more and stronger associations with health-related outcomes than the established ones 14 and were consequently included in the Graz walkability index. The IPEN walkability index gives connectivity twice as much weight as the other components. Since connectivity was not a particularly strong correlate of health-related outcomes in the uncontrolled bivariate analyses, 14 each component was given the same weight in the Graz walkability index.
Definition of neighbourhood
Since relationships between walkability and health are sensitive to the geographical scale of the neighbourhood, it is important to use 
Independent variable Formula
Established walkability measures Gross population density Apportionment of population number: area of statistical sector within the neighbourhood/total area a of the statistical sectorÂnumber of residents Density: sum of number of apportioned residents within the neighbourhood/total area of the neighbourhood Household unit density Apportionment of number of household units: area of statistical sector within the neighbourhood/total area a of the statistical sectorÂnumber of household units Density: sum of number of apportioned household units within the neighbourhood/total area of the neighbourhood Entropy index {À P [(pi) (In pi)]}/In n pi = the area of each land use type/the total area of all land use types defined for the study n = the number of land use types used in the study (n = 5) Three-way intersection density Number of at least three-way intersections/the total area of the neighbourhood IPEN walkability index (2 Â z-score three-way intersection density) + (z-score household unit density) + (z-score entropy index using five land use types) Alternative walkability measures Proportion of mixed land use Sum of area of land use categories 'mainly residential' and 'mixed use' within the neighbourhood/the total area of the neighbourhood Four-way intersection density Number of at least four-way intersections/the total area of the neighbourhood Graz walkability index (z-score four-way intersections) + (z-score proportion of mixed land use) + (z-score household-unit-density) a Total area in all cases excludes area covered by water and area used for traffic purposes.
different scales, 20 particularly in the under-researched European context. Most studies (conducted mainly in USA and Australia) use 1000 m buffers. 21 However, inhabitants of European cities may also walk or cycle to destinations that are up to 1.5 km away from home. The European environmental questionnaire ALPHA used a distance of 10-to 15-min walk (i.e. $1-1.6 km) as a neighbourhood scale. 22 In UK, $96% of the respondents reported walking to destinations within a 1000 m and 1.6 km buffer around their home. 23 Therefore, a buffer of 1500 m may be more suitable for a European context. 22, 23 Therefore, the present study reports the results of the 1000 m circular buffer and the 1500 m street network buffer. The residential address of each respondent was geocoded and buffers were created.
Covariates
As potential confounders, sex, age, socio-economic status and place of residence were included in the analyses.
Data analyses
Data analyses were performed using the IBM SPSS ANCOVAs were conducted to examine whether walking and cycling for transport differed between the quartiles of the walkability variables. Walking and cycling for transport were the dependent variables, while each walkability variable, sex, age and place of residence were fixed factors. Socio-economic status was included as a covariate in the model. In a customised model, each variable was tested for its main effects. In the results tables the estimated marginal means, the associated 95% confidence interval and the P values of the full model are reported. The partial eta squared reported for each factor in the models provided an estimate of the proportion of variance attributable to each walkability measure. In addition, the results section provides the r squared of the full models, including all covariates. Table 2 shows the sample characteristics based on the outcome and the exposure variables.
Results
Household unit density, proportion of mixed land use, three-way intersection density and the IPEN walkability index were statistically significant positively associated with walking for transport (Tables 3  and 4 ). All of these associations were statistically significant within the 1000 m circular buffer, but not in the 1500 m street network buffer. Respondents living in neighbourhoods of medium walkability walked $2.1-2.4 days/month less than respondents living in the highest walkability quartile. These walkability variables contributed $1% to the explanation of the variance in walking for transport. The walkability measures and covariates together explained $3-3.5% of the variance in walking for transport. No associations with walking for transport were found for gross population density, entropy index, four-way intersection density and the Graz walkability index.
Biking for transport was positively associated with all walkability measures, independent of the buffer type and size (Tables 3 and 4) . Respondents living in the highest walkability areas biked 2.7-4.2 days/month more than respondents living in the lowest walkability areas. The association between the alternative measures and cycling for transport was slightly stronger than the association between the established walkability measures and cycling for transport. The alternative walkability variables explained between 2% and 2.5% of the variance in cycling for transport, while entropy index and three-way intersection density explained 1.3%. The walkability measures and covariates together explained $3-4% of the variance in cycling for transport.
Discussion
Walking for transport
The positive associations between the walkability variables and walking for transport did not reach statistical significance in all Bold, positive statistically significant association; CI, confidence interval; partial r 2 , variation of the outcome explained by the walkability measure only; r 2 , variation of the outcome explained by the walkability measure, sex, age, socio-economic status and place of residence. Bold, positive statistically significant association; CI, confidence interval; partial r 2 , variation of the outcome explained by the walkability measure only; r 2 , variation of the outcome explained by the walkability measure, sex, age, socio-economic status and place of residence.
cases. These results were unexpected, since the association between walkability and walking for transport is considered to be well established. 2 In addition, researchers in European countries have found positive associations between the same walkability variables as used in our study and walking for transport. [24] [25] [26] [27] Measurement (i.e. reporting errors) made by respondents could explain these unexpected findings. In the case of the telephone interview, respondents might not have understood that the interviewer was asking them about walking for at least 10 min. Another reason might be the use of a general measure of walking for transport that asks about the frequency of walking. As Table 2 shows, the median walking times were high in the present study, which suggests that walking times were likely overestimated. Additional investigation is necessary to explore the association between walkability and walking for transport, for instance by using 'walking minutes per week' as an outcome measure.
Cycling for transport
The rare available evidence indicates that the IPEN walkability index is associated with cycling for transport. 14 The results of the present study confirm these findings and also show that all walkability measures were associated with cycling for transport. Due to these associations walkability might be a noteworthy determinant not only of walking but also of cycling for transport.
Nevertheless, the contribution of walkability to the explanation of the variance in the outcomes was modest. Studies in USA found larger effects of walkability. Walkability explained 8.4%
28 and 4.2% 29 of the variance in the outcomes. The contribution of walkability to walking and cycling for transport might be smaller in Europe, where the level of walkability in cities is generally higher than in USA. However, even a small effect might be favourable at the population level. 2 
Land use mix
The entropy index as an established walkability measure was not associated with walking for transport and was more weakly associated with cycling for transport than other measures. This confirms results showing that the entropy index is less consistently associated with walking for transport than other walkability variables. 21 Other studies have also found simpler land use mix measures-like proportion of mixed land use-to be more strongly related to travel behaviour than more sophisticated measures such as the entropy index. [30] [31] [32] [33] Problems are related to different operationalisations of the entropy index. 34 For instance, if the denominator n in the formula is defined as the 'number of land use types present in the neighbourhood', the entropy index captures the evenness of the distribution of different land use types in the neighbourhood more than the actual variety of different land use types. 34 We preferred to measure the variety of land use and used the 'number of land use types defined in the study' as a constant denominator. Cerin et al. 30 and Forsyth et al. 35 used the same approach and also found no association between the entropy index and walking for transport. Another operationalisation issue is the 'missing land problem'. 34 In most studies, land use types that seem to be irrelevant are excluded from the entropy index. We included all land use types in the entropy index.
Further research-especially in Europe-is required to determine which land use measures and its operationalisations can capture its association with walking and cycling for transport.
Connectivity
The available evidence indicates that the number of four-way intersections was related to active transport. [35] [36] [37] Nevertheless, GIS-based four-way intersection density as a connectivity measure has rarely been used in studies. The present results for cycling for transport indicate that four-way intersection density enables better differentiation between walkable and less walkable areas because four-way intersection density was more strongly associated with and explained slightly more of the variance of cycling for transport than three-way intersection density.
Walkability indices
The results for the Graz walkability index mirror the results of each component variable. Like the alternative measures for land use mix and connectivity, the index showed slightly stronger associations with cycling for transport and accounted for somewhat more of the variance in cycling for transport than the IPEN walkability index. A possible explanation for these stronger associations by using the alternative measures of land use mix and connectivity for the index and by giving all components the same weight. In the European context connectivity might not be twice as important as the other components. Future European research investigating the association between walkability and active modes of transport, especially cycling, should use the Graz walkability index, to explore further whether this measure is truly more appropriate for European cities.
Definition of neighbourhood
Within both buffer sizes and types, we found associations between walkability and walking and cycling for transport. In addition to the buffers included in the present study, our previous work showed weaker associations between walkability based on the 1000 m street network buffer and health outcomes.
14 A larger area may better represent the walkability characteristics of the neighbourhood, 38 especially in a European context. In Graz, the median area of the 1000 m street network buffer was about half of the median area of the other two buffers.
14 Furthermore, the street network data covers streets, but not footpaths and short cuts. Hence, the street network buffer may not cover all relevant walkability routes. In locations with many pedestrian paths and shortcuts (which is the case in most European cities), the circular buffer may be better than the street network buffer. 19 
Limitations and strengths
Due to the cross-sectional design of the study, it was not possible to establish causality. In order to substantially increase the measurement accuracy of the outcome variables, walking and cycling, the use of GPS would be the golden standard, but time consuming to apply on a population level. Although a sound theoretical basis was used to define the measures of walkability, additional environmental characteristics (e.g. traffic safety and weather) may influence active modes of transport and should be considered in further research. Furthermore, the present study focused on adults and did not look at the elderly population (60+). Because of the demographic development and the importance of keeping elderly people active, further scientific investigation is needed. 39 Strength of the study are the theoretical foundation and empirical evidence, which was ensured by a systematic literature review, 21 the representativeness of the sample 5 and the use of objective walkability data and measures.
Conclusions
The present study is the first of its kind in an Austrian/European city. The use of established GIS-based walkability measures enables international comparability, and the study also provides alternative measures for land use mix and connectivity, as well as an alternative walkability index. More European research on the association between GIS-based walkability measures, especially the alternative measures, and walking and cycling for transport is desirable.
